Interest on the investigation of groundwater depletion threat is growing globally and Langata sub County in Nairobi, the capital city of the Republic of Kenya, is not an exception. Because of drought-induced water shortage, households in Langata do rely on borehole water to augment their intermittent municipal water supply system. Consequently, there is an upsurge of borehole developments as drought events unfold. Previous studies here have focused on impact of borehole depths and density yet little seems to have been done to compute the correlation coefficient between drought events data and historical borehole development records as an assessment for groundwater "grab" syndrome. This study used drought index computation method (SPI) alongside other statistical methods to seek the answer to the problem. Using 57 years of monthly rainfall data and 26 years of borehole development data, the study established that, there is a positive correlation coefficient. Similarly, a trend analysis of borehole drilling and struck water level depths indicated a positive parallel rising trend on both. Further, when the borehole distribution map and struck water level contour maps were plotted, a sign of a probable well interference during pumping was detected, which however, requires a new investigation to confirm the syndrome of groundwater depletion threat. The study has contributed to the groundwater depletion research by deploying statistical research methods for risk detection. Finally, the study has proposed for a new groundwater management policy that will encourage initiation of artificial recharge schemes for the study site and beyond.
Introduction
Interest on groundwater resource management studies is growing due to the ongoing climate and anthropogenic changes [1] . The sub Saharan Africa region's aquifers are considered to be the most vulnerable to the negative impacts of the prevailing climate change [2] [3] . The impacts are known to cause droughts that always hamper the natural renewal of groundwater resources in storage aquifers. This in return, ends up increasing the risk of water scarcity [4] , which in fact, is a global challenge. For example, worker in [5] reports that, groundwater in urban areas and industrial zones in India are far beyond their safety limits due to a fast rising demand for water. Equally, [6] talks of groundwater being an important buffer to drought challenge in sub Saharan Africa especially for cities. The only intriguing matter is that, the resource is invisible which poses a management challenge in the words of [7] . Regions like Brazil, China and South Africa are particularly known to face chronic groundwater depletion threat [8] [9] .
Previous investigations on aquifer groundwater depletion have mostly focused on the recharge perspective [10] as reviewed by [11] . However; little information exists on the illustration of an existing correlation between drought events in an area and the likely syndromes or tell-tale signs showing a tendency towards overexploitation of the area's aquifer. Accordingly, this study aims to assess if there is a correlation coefficient between drought events and groundwater development trend in Langata sub County see Figure 1 Groundwater is broadly defined as the water present in the zone of saturation below the ground. Of the 37 million km 3 of freshwater estimated to be present on the planet earth, about 22% exists as groundwater [12] [13] . Earth's reserve of groundwater is threatened everywhere according to [14] [15] because water is at the centre of all sustainable development endeavors [16] . It is reported that about 1.7 billion people live in areas which are already been threatened by water shortage [17] even as we know the global population is increasing by 74 million per year [18] .
There are two types of aquifers; deep and shallow. To exploit water from deep aquifers, boreholes or tube wells are drilled into the earth to allow for pumping onto the surface of the targeted freshwater. On the other hand, shallow aquifers' water is extracted using wells [19] . More than 300 million wells have been drilled for water withdrawal in the world in the last three decades, and about one million wells are drilled annually in the USA alone according to [20] . When groundwater abstraction exceeds the natural groundwater recharge, then we talk of an overexploitation or persistent groundwater depletion phenomenon [21] .
The drivers to groundwater depletion are majorly attributed to drought episodes like the cases of Colorado River Basin [22] and in Bangladesh [23] [24] just as examples. Other scholars like [25] also report that virtual groundwater transfers through trade in cereals have as well led some aquifers to face depletion threat in the United States. Further; available information indicates that groundwater over-abstraction is a major emerging problem in many other parts of the Journal of Water Resource and Protection world [26] . In fact, in some regions, it is severe and water levels are declining at rates of about 1 m to 3 m/year, a pattern documented by many researchers like [27] [28] [29] .
World leaders are concerned with the continuing propagation of the groundwater depletion threat. And so, one of the top most agenda items up in their sleeves, is the management of the groundwater vulnerability [15] . For example, in the year 2000, various UN organizations launched collaborative pollution assessment activities in several African cities' groundwater [30] whose central focus was the promotion of the sustainable use of the exploitable reserves [31] .
The urgency for a responsible water use is exacerbated by the fact of our knowledge that population pressure is growing specifically in cities which calls our attention to relook a fresh on the urban water security debate [32] . Excessive groundwater depletion currently affects major regions of North Africa, the Middle East, South and Central Asia, North China, North America, and Australia as well as localized areas throughout the world [33] . The key concern is how to maintain a long-term sustainable yield from aquifers [34] [35].
Background

The History of Sustainable Groundwater Development
The oldest water well (which is about 8000 years) is in Atlit-Yam village in northern Israel according to [36] . Since then, man has uncontrollably enjoyed groundwater. Because of the need for control, sustainability concept came into being [37] .
The concept advocates strongly for an intergenerational equity. It points to the interdependence between economy and natural environment and the conservation of the natural capital, and it calls the attention on irreversible damages and improved management devoid of overexploitation.
It is this aspiration that made [34] to define ground-water sustainability as development and use of ground water in a manner that can be maintained for an indefinite time without causing unacceptable environmental, economic, or social consequences. The definition was founded on the history of groundwater development as sketched by [38] and later amplified by pioneer workers like [39] [40] [10] and [41] . Majority of the scholars concurred that water balance must be maintained between discharge and recharge of any river basin for ecosystem and human development to coexist sustainably.
The concern on unsustainable groundwater development has been traced from 1900 by [42] . And it has been found to be particularly severe for the transboundary aquifers [43] . The overexploitation of such aquifers has led to the declining of well yields, drying up of springs, stream flow depletion, and land subsidence. In many instances, this has brought degradation of groundwater quality by natural and/or anthropogenic pollutants and by saltwater intrusion which have all ended up in the threatening of our ecosystems and even the life of our future generations. On a broader scale, some communal conflicts have been witnessed in most of the 240 transboundary aquifers that have been mapped across Journal of Water Resource and Protection the world due to overexploitation [44] . Similar issues have been recorded for arid and semi arid regions [45] .
Overexploitation is a term that is generally used to point out negative aspects of groundwater development [46] . There is a general lack of consensus as to what exactly constitutes overexploitation based on the interpretation of the information at hand and the prevailing societal hydro-myths [47] . Strict overexploitation is produced when abstraction is greater or close to recharge [48] .
Nevertheless, even in this case, the evolution-such as progressive groundwater head drawdown and water quality deterioration, reflected in increasing water winning cost and water availability reduction-is what finally is used to qualify the situation [49] [50] [51] . But the bottom line is, groundwater exploitation and mining must involve ethical considerations, as do the exploitation of other natural resources and the environment, as stated by [52] . Through this mindful observation of safe yield, water can be withdrawn without producing undesirable effects such as reservoir exhaustion, excessive pumping costs or water quality deterioration [50] .
The Situational Analysis of the Study Site
Langata (Figure 1 [53] . Because of drought, municipal water is intermittent and so majority of residents have turned to "grabbing" groundwater to cope with the shortage. By "grabbing", we mean, the uncontrolled steep proliferation of borehole numbers in the last few decades making the situation look like there is a scramble to own a borehole by most property owners for alternative water supply sources [54] . Even the city's metropolitan regions like Ngong area depends exclusively on the Nairobi Aquifer System's groundwater as reported by [55] . It is important to note further, that the proliferation of boreholes numbers in Kenya is rather a national problem as reported by [19] who stated that borehole numbers increased by 51% between 1991 and 2004 (that is, from 9453 to 14, 260) which translates to about 344 boreholes per year. This happens even though; rainfall variability pattern has been noted over Kenya as a whole [53] . For instance, climate information, show that Kenya's groundwater replenishing rainfall pattern is driven by the migration of the Inter-Tropical Convergence Zone and occurs in two distinct wet periods-the "short" rains (October to December) and the "long" rains (March to May). The onset, duration and intensity vary considerably each year, with drought occurrence becoming a near annual ritual. This is against the already declared low capita water availability at 635 cubic meters according to [56] , which has strikingly outlined the severity of Kenya's water scarcity status on the global scale.
Consequently, the water shortage in Kenya's urban areas is acute and chronic and has continued to worsen with increasing urbanization, water pollution and encroachment of water catchment areas by humans and invasive plant species.
On top of these reported scarcity, management of water resources in general is still a big problem [57] . For example Nairobi is known to experience severe water shortage since the demand exceeds the supply by about 200,000 m 3 per day.
Currently, only about half of the city's population has access to piped water out Journal of Water Resource and Protection of which, only 40% receive water on a 24-hour basis, the rest are on official rationing program. According to the Nairobi City Water and Sewerage Company (NCWSC), the estimated demand for the residents of Nairobi in the year 2010 was 650,000 m 3 per day while the supply stood at only 482,940 m 3 per day. The government has embarked on creating new water policies to protect water catchment areas, reduce pollution and enhance access to clean water [58] .
Studies on Nairobi's groundwater depletion has a long history as chronicled by [59] in the hydrogeology report of Nairobi area. Most recently, [60] used hydro-geological data obtained from drilling records to estimate the ground settlement for the period between 1927 and 2009. They reported that the number of boreholes for abstracting water from aquifers beneath Nairobi city increased The study warned that, the groundwater rest levels have dropped with an average of 79 m and a probable settlement of 0.34 m to 5.9 m which is a sign of groundwater depletion from the aquifers. Two thirds of the well development happened in the last two decades in which over 1000 tube wells were drilled in the city. This same concern was affirmed in a recent study by [61] , the Head of Department of Geology, University of Nairobi. He used analysis of the groundwater level monitoring data to assess depletion threat. His results indicated that the decline of water rest levels of boreholes in Nairobi and its environs is worrisome and needs an urgent fixing especially for Karen area.
Similar studies on water resource degradation have been done on a national scale but with contributions touching on Nairobi Aquifer System. For example, a literature review study by [62] reported that Nairobi depends on groundwater drawn from the Nairobi Aquifer Suite, which covers an area of approximately 3000 km 2 . The study asserted that, a proper groundwater harnessing in Nairobi city started in the early 1950s, adding that by the year 2002, the city had 1350 boreholes supplying about seven thousand cubic meters per day (21% of the city's daily water demand) as later affirmed by [63] .
Using the same method [64] undertook to paint the role of groundwater in the water-supply of Greater Nairobi. The study confirmed that the bulk water system for the city is not reliability due to drought risk. However, it added that, groundwater is the default alternative, a practice that began in the 1930s.By The vulnerability of Nairobi Aquifer System has also been studied using well interference formula by [65] who established that proximity showed a 6% increase in the number of boreholes that lie within 100 m from each other from 2011 to 2013, a claim repeated by [61] . Secondly, the analyses on drilling depths indicated that an average increase of 170 m from 1930 to 2013 and this was attributed to pollution of the upper aquifer and potentially competition for groundwater. Other notable findings in their work included; low level of compliance mainly driven by the county's population increase which drives other exigent contributing factors like; increased water demand; intermittent piped supply; unclear legal framework; poor enforcement of supportive regulations; lack of a publicly available groundwater database for decision making; low capacity of the regulator; apparent groundwater availability that allows errand drillers to forego due processes, and low level of awareness of residents and borehole owners.
On his part, [66] assessed through modeling the potential disaster sites within the city of Nairobi using geographic information system (GIS). He analyzed the superimposed geological, topo-cadastral, seismic data (1994-1999) obtained from the geology department of the University of Nairobi to identify faultlines. The results indicated that the faultlines are affecting a good number of plots in the western side of Nairobi including the prime areas of Karen and Langata. He concluded that those two areas are prone to earthquakes as per the distribution of earthquake points in Kenya.
Related Work
The debate on groundwater sustainability began in the early 19 th century as documented by [67] . And by about 1970s; the concern peaked and focused on the cost of pumping as recorded by [68] . For cities, management of risks in the urbanizing Anthropocene is one of the greatest challenges today. Decisions on adaptive pathways and choice of coupled infrastructure can sometimes result in unintended consequences. Most of the time when addressing one vulnerability within a connected system, chances are that the solution can in fact create a new kind of risk to the same system if not well thought through, like in the water cycle pathways narration on Mexico City [69] .
Assessing groundwater depletion threat has attracted very many investigators.
The interest is borne out of the fact that, use and misuse of water in one location can have far-flung effects, altering downstream resources, affecting the reliability of water flows, and degrading water quality and aquatic ecosystems as observed by [70] . In 2011 [71] for example, used a water table fluctuation method to assess the impact of intensive groundwater abstraction on recharge to shallow aquifer system in Bangladesh. This quantitative method confirmed that, the then ongoing groundwater abstraction for irrigation and urban water supplies was unsustainable.
In the same year worker in [42] used literature analysis method to investigate the contribution of the global groundwater depletion since 1900 to sea-level rise.
This study found that between 1900 and 2008, groundwater depletion had Journal of Water Resource and Protection caused a 12.6 mm sea level rise and that the rate increased from the year 1950. In South Africa, [43] applied the same method as Konikow to conduct a critical overview of shared transboundary aquifers. This South African study established that 96% of the shared aquifers were low yielding despite the fact that water demand in the area was on the rise.
Other scholars like those in [72] have used scenario analysis method to quantify the anthropogenic stress on groundwater resources in Iran, California and Germany comparatively. The study showed that reduced human withdrawals could help with regime change in some aquifers adding that there is a trending threat to the sustainability of groundwater in northwest Iran and California. This, they further advised, needed a more careful assessment and monitoring practices as [73] to sound a profound warning. The latter stated that California community must, as a matter of urgency, quickly learn to live with its dry climate to manage a looming desert at the edge of Cathedral City.
Groundwater issues have for a long time been left in the hand of geologists and engineers, but with the growing interest today, this is bound to change to remove the existing knowledge as symmetry. Using knowledge expansion lens and case studies in countries with intensive groundwater development, [74] proposed that; direct regulation, indirect policy levers, livelihood adaptation and people's participation are needed to simultaneously improve governance. This same concern saw [75] call for a sustainable groundwater development and management in Hang-Jia-Hu Quaternary Plain. This was in response to an ongoing degradation of what was once billed as China's "fish and rice field". The plunder eventually led to significant aquifer water level deterioration.
Generally, irresponsible natural resource utilization continues to heat up the minds of researchers. For instance, Jared Diamond's 2005 metaphor "collapse" of Rapa Nui (Easter Island) or self induced ''Ecocide'' [76] has been used by many scholars like [77] to trumpet a call for change. Rapa Nui was once a promising forested island with fertile soils, but because of human greed, it has become a desert with statues erected as trees' substitutes. Sadly, according to the world famous anthropologist; Jared Diamond, Easter Island today cannot support life.
Another case of plunder is the Berkeley Pit; the eyesore that today defines the feature of Butte, Montana's landscape [78] . This was once a booming copper The costs of resource depletion externalities when it comes to groundwater depletion are varied. In irrigated agriculture sector, farmers may experience economic losses due to poor harvest, which use of tank storage can reduce [82] . Land subsidence is another danger as mentioned for the case of Xixi-Chengnan area in Jiangsu Province, China as reported by [83] . In general terms, experts advise that groundwater use in any area must be within the ecological carrying capacity [84] to avoid onset of irreversible consequences. That is why the success of Barind rural groundwater irrigation scheme in Northwest Bangladesh has always remained a shining example of a sustainable groundwater use from 1985 when it was established [85] .
In Langata sub County, however, there is a rapid rate of tube wells drilling which must be changed if the eminent subsidence risk, as sounded by [66] is to be avoided. This is in line with admonition given by [86] that action to help urban communities in adapting to climate change must be sustainable. Drawing from this and the above literature analysis, it appears vividly that, there is no information on the relationship between drought events and tube wells drilling. The existing conceptual models for assessment of groundwater depletion seem to be varied in scale and type with majority of previous investigators using either review methods, vulnerability frameworks as was postulated by [87] , scenario analysis and/or modeling including vulnerability map plotting.
On our part, we deployed a mix of analytical method (statistical) and vulnerability map plotting approaches. We settled on correlation analysis borrowing from the work by [88] who conducted analysis on groundwater quality with respect to coloration in Akuapem North Municipality in the Eastern Region of Ghana which faces inadequacy of water supply and groundwater is a common alternative. The correlation coefficients between paired parameters; conductivity, turbidity, coloration, iron, manganese, pH and temperature were computed.
In our case, we illustrated the correlation coefficient between annual drought events in the area and the corresponding annual borehole drilling for the period between 1982 and 2017. We began by estimating drought events using drought index formula known as Standard Precipitation Index (SPI) as designed by [89] and later adopted by 
Method
Study Area
Langata is about 10 kilometers to the south of city center. It is located at approximately 1˚22'0"S, 36˚44'0"E. Its topography height range is between 1600 m to 1850 m above mean sea level. See location map and additional details in section 3 above.
Data
The monthly rainfall data for the period 1957 to 2013 was sourced from Wilson Airport; Kenya Meteorological Service station number: 9136130 at altitude 1638 m (a.s.l), located approximately 4 km to the south of Nairobi city center. The station is chosen because it is within the study site. Borehole commissioning data for the years 1982 to 2017 were obtained from Water Resources Management Authority, the body mandated by law as the overseer of Kenya's water resources. From these two sets of data, a table of; drought events, average struck water levels and borehole numbers per year were prepared.
Identification of Drought Events Using Standard Precipitation Index
For drought year identification, the monthly rainfall data for the period 1957 to 
Statistical Analysis
To find correlation coefficient between drought events and groundwater development, consider a year's drought event as X and the number of boreholes drilled in the same year as Y. The number of years with available data is taken as the sample size n as illustrated in [92] . The following eight steps were followed;
Computing the mean;
The mean ( x ) is computed as the sum of all data values X i , divided by the sample size n Further, correlation coefficient can be described as: small correlation-0.10 = r = 0.29, medium correlation-0.30 = r = 0.49 and large correlation-0.50 = r = 1.0 as described by [93] . 
Plot of Borehole Distribution Characteristics in the Study Site
A study by [94] 
Results and Discussion
Identification of Drought Events Using SPI
The 1957-2013 rainfall data when analyzed using Equation (1) 
Statistical Analysis
From Figure 2 we were able to assemble a total of 36 years of data for statistical analysis in MS Excel using Equations (2) to (6), see Table 1 . The coefficient of correlation is a positive one. The value of 0.117 falls within the first envelope of classification by [93] which means it is a small type. However the coefficient of determination of 11.71% does send to us a message that for every drought event within the study site, there a near 12% probability of a property owner drilling a borehole.
Trend Analysis
Using information in Table 1 and data from Water Resource Management Authority, we developed Table 2 . From the table we plotted the trend analysis diagram between borehole number proliferation over the years and average water struck level see Figure 3 next to Table 2 . From the 36 years' data as shown in Table 2 , there were 26 drought events and 122 boreholes were dug (see Table 1) in the study site during the same period to cope with resulting water shortage.
The year 2011 had the severest drought on the SPI scale (see plot in Figure 2 ).
Interestingly and in a dramatic manner, it also registered the highest number of boreholes at 24 over the period. In terms of the trend, one would say, for every drought event, two boreholes were sunk (see the two trend lines in Figure 3 and their near parallel upward gradients). A striking inference out of this plot as can be viewed from the trend graph is the gradient of struck water level decline in the area as the numbers of boreholes are increasing. The more boreholes are drilled, the deeper it is to reach yieldable water. This reciprocally means two Journal of Water Resource and Protection things. One the borehole development and investment cost are going up as time passes by. And two, the operational cost in terms of pumping energy is expected to rise in a similar fashion.
Plot of Borehole Distribution and Contour Map of Struck Water Levels
Using the Easting and Northing of each borehole and the water struck level on commission; the contour plot of water rest level was plotted as shown here in Figure 4 and Figure 5 . prominently violated in the South Eastern part of Karen. The significance of this can be captured if well interference is tested during test pumping.
Conclusions
Drought exposure risk over Langata sub County has a periodicity cycle of a drought event after every 1.67 years for the period between 1957 and 2013. For each drought event, there was a near 12 % probability of a borehole being drilled in the area. For the specific period with borehole information spanning from 1982 to 2017, a total of 122 boreholes were commissioned translating to nearly 5 boreholes for every drought event. The year 2011 had the severest drought at 1.7 on the SPI scale (see Figure 2 ) and the most borehole commissioned at 24 (see Figure 3 ). Most of the borehole development happened in Karen Ward which also hosts the deepest and most dense distribution pattern (see Figure 4 and Figure 5 ).
From the foregoing, this study concludes that there is a positive correlation coefficient between drought event and borehole drilling in the area. Secondly, there is an upward trend on both borehole numbers and the depth of struck water levels. The increasing numbers have already shown a "syndrome" of high density in terms of 100 m spatial distance buffer between boreholes, which may already be causing well interference during pumping. This however requires a further test pumping investigation for confirmation. The study confirms that there is a growing tendency to "grab" groundwater in this area. In order to pro- [95] .
